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APPARATUSES FOR REDUCING THE
SENSITIVITY OF AN OPTICAL SIGNAL TO
POLARIZATION AND METHODS OF
MAKING AND USING THE SAME

FIELD OF THE INVENTION

The present invention generally relates to optical signal
transmission and/or reception. More specifically, embodi-
ments of the present invention pertain to methods and appa-
ratuses for reducing the sensitivity of optical signals to polar-
ization (e.g., in optical receivers or transceivers).

DISCUSSION OF THE BACKGROUND

A light wave is plane-polarized or linearly polarized when
all of the electric field vectors in the light wave perpendicular
to the direction of wave travel lie in a given plane. The orien-
tation of the given plane is the direction of polarization. For
example, a horizontally polarized light wave has a vertical
amplitude of zero, and a vertically polarized light wave has a
horizontal amplitude of zero. An unpolarized light wave is
one that propagates in more than one plane. Polarization of a
light wave (e.g., an optical signal) can occur when a light
wave is reflected off a non-metallic medium (e.g., a beam
splitter), forming a reflected light wave and a refracted light
wave. When polarization occurs via reflection (e.g., from a
mirror), the extent to which the polarization occurs is depen-
dent on the angle at which the light approaches the medium.

In many devices configured to receive and/or transmit an
optical signal (e.g., a data, voice and/or video signal in an
optical or optoelectronic network), polarization can play an
important role in the effective transmission of an optical
signal. For example, as shown in FIG. 1, a conventional
optical receiver 100 comprises an optical fiber (not shown), a
lens 110 (optional), a mirror 120, a filter 130, and a receiver
140. As shown, lens 110 receives a light signal IN (e.g., from
the optical fiber) and provides a focused light signal 150 to
mirror 120. Mirror 120 then reflects the light signal 150 to
receiver 140 in the form of a reflected light signal 155 for
further processing. The reflected light signal 155 may pass
through filter 130 before being received in the receiver 140.
Reflected light signal 155 is at least partially polarized (e.g.,
having electric field vectors in planes at certain angles with
reduced amplitudes).

As shown, mirror 120 is positioned at a 45° angle (i.e., the
angle of incidence) with respect to optical signal 150. When
optical signal 150 travels from a first material (e.g., the air
between lens 110 and mirror 120) having a first index of
refraction (n,) to a second material (e.g., mirror 120) having
a second index of refraction greater than the first index of
refraction (n,), a portion of the optical signal 150 is refracted
into the second material 120 and a portion of the optical signal
150 is reflected back into the first material (e.g., towards
receiver 140). For optical signals reflected by non-metallic
surfaces, if the angle of incidence is such that the reflected and
the refracted rays are at the Brewster angle (i.e., tan™" [n,/n, ]),
the reflected ray is linearly polarized parallel to the reflective
surface. Thus, the intensity (I, ) of the transmitted signal (e.g.,
the reflected optical signal 155) can be calculated according
to Equation [1] below:

I,=I cos’(0) [1]

where [ is the intensity of the incident optical signal 150, and
0 is the angle of incidence of optical signal 150. Thus, as 0
approaches 90°, the value of cos*(0) approaches zero such
that the intensity of the reflected signal decreases and the
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degree of polarization increases (e.g., up to 100% polar-
ization). Furthermore, placing a mirror at a 45° angle in an
optical receiver requires precise positioning during the
manufacturing process, and slight variations in the angle of
the mirror can greatly affect the degree of polarization (and
thus the amount of lost intensity) in the reflected light
wave(s).

This “Background” section is provided for background
information only. The statements in this “Background” are
not an admission that the subject matter disclosed in this
“Background” section constitutes prior art to the present dis-
closure, and no part of this “Background” section may be
used as an admission that any part of this application, includ-
ing this “Background” section, constitutes prior art to the
present disclosure.

SUMMARY OF THE INVENTION

Embodiments of the present invention relate to methods
and apparatuses for reducing the sensitivity of an optical
signal to polarization. In one aspect, the invention concerns a
method of receiving an optical signal, comprising reflecting
the optical signal from a first mirror to a second mirror, and
further reflecting the reflected optical signal from the second
mirror to a receiver. The first mirror is at a first angle relative
to the optical signal, and the second mirror is at a second angle
relative to the optical signal reflected by the first mirror. The
first angle is configured to reduce polarization of the reflected
optical signal relative to a single mirror positioned at a 45°
angle relative to the optical signal. In general, the second
angle is greater than the first angle. In certain implementa-
tions, the sum of the first and the second angles is about 45°.

Invarious embodiments, the method may further comprise
(1) passing the optical signal or the reflected optical signal
through a first lens to provide a focused and/or collimated
optical signal; (ii) passing the optical signal or the reflected
optical signal through a filter configured to reduce or narrow
a bandwidth of the optical signal or the reflected optical
signal; and/or (iii) even further reflecting the further reflected
optical signal (i.e., the optical signal reflected by the second
mirror) from one or more third mirrors to the receiver. In other
embodiments (e.g., multi-channel embodiments), the first
mirror reflects light having a first wavelength and allows light
having at least a second wavelength to pass through, and the
method may further comprise reflecting a portion of the opti-
cal signal having the second wavelength from a third mirror at
the first angle to a fourth mirror at the second angle, and
further reflecting the reflected optical signal having the sec-
ond wavelength from the fourth mirror to a second receiver.

In another aspect, the invention concerns an apparatus
(e.g., an optical receiver or transceiver assembly, such as a
receiver optical subassembly [ROSA], etc.) comprising a first
mirror at a first angle, configured to reflect an incident optical
signal; a second mirror at a second angle, configured to fur-
ther reflect the reflected optical signal to a first receiver; and
a lens configured to focus and/or collimate the optical signal
or the reflected optical signal. As for the method, the first
angle is relative to the optical signal, the second angle is
relative to the reflected optical signal (i.e., the optical signal
reflected by the first mirror), and the first angle is configured
to reduce polarization of the reflected optical signal relative to
a single mirror positioned at a 45° angle relative to the optical
signal.

In further embodiments, the apparatus further comprises
one or more third mirrors configured to even further reflect
the further reflected optical signal (i.e., reflected by the sec-
ond mirror) to the receiver, and/or a filter configured to reduce
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or narrow a wavelength band of the incident optical signal,
reflected optical signal, and/or focused and/or collimated
optical signal. In certain embodiments (e.g., multi-channel
embodiments) of the apparatus, the first mirror reflects light
having a first wavelength and allows light having at least a
second wavelength to pass through, and the apparatus may
further comprise (i) a third mirror configured to reflect a
portion of the incident optical signal having the second wave-
length at the first angle and (ii) a fourth mirror configured to
further reflect the reflected optical signal having the second
wavelength at the second angle to a second receiver. In such
multi-channel embodiments, the apparatus may further com-
prise a second filter configured to reduce or narrow a wave-
length band of the portion of the optical signal having the
second wavelength.

Another aspect of the invention concerns a transceiver
comprising the above apparatus, a receiver, and a transmitter
configured to provide an output optical signal (e.g., to an
optical medium carrying the incident optical signal). Thus,
the transceiver may further comprise an optical fiber provid-
ing the incident optical signal. In some embodiments of the
transceiver, the first mirror may be configured to reflect light
having a first wavelength and allow light having a second
wavelength different from the first wavelength to pass
through. In such embodiments, the output optical signal has
the second wavelength, and the transmitter is configured to
transmit the output optical signal through the first mirror. In
general, the receiver may comprise (i) a photodiode config-
ured to receive the reflected and focused and/or collimated
optical signal, and (ii) circuitry in electrical communication
with the photodiode.

The method of manufacturing the apparatus generally
comprises (1) affixing or securing a first mirror at a first angle
relative to an incident optical signal within the housing of the
apparatus or into an opening in the housing of the apparatus,
the first angle being configured to reduce polarization of the
reflected optical signal relative to a single mirror configured
to reflect the optical signal at a 45° angle relative to the optical
signal, (ii) affixing or securing a second mirror within the
housing of the apparatus, the second mirror being configured
to further reflect the reflected optical signal to a first receiver
at a second angle relative to the reflected optical signal, and
(iii) affixing or securing a lens within the housing of the
apparatus or onto a receiving device in the apparatus, the lens
being configured to focus and/or collimate the optical signal
or the reflected optical signal.

In various embodiments, the method of manufacturing the
apparatus may further comprise affixing or securing one or
more third mirrors (as described above) within the housing of
the apparatus. In further embodiments, the method of manu-
facturing the apparatus may further comprise affixing or
mounting a first filter to or within the housing of the appara-
tus, the first filter configured to reduce or narrow a wavelength
band of the incident optical signal, the reflected optical signal,
and/or the focused and/or collimated optical signal. Addition-
ally, the method of manufacturing the apparatus may further
comprise affixing or mounting a second filter to or within the
housing of the apparatus, the second filter configured to
reduce or narrow a wavelength band of the portion of the
optical signal having the second wavelength around the sec-
ond wavelength.

The present invention advantageously reduces or mini-
mizes the sensitivity of an optical signal to polarization,
thereby maximizing the intensity or power of the optical
signal. By utilizing a mirror positioned at an angle less than
that of conventional optics, and in conjunction with a second
mirror (and one or more optional third mirrors), an optical
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signal can be provided to an optoelectronic receiver and/or
transceiver with a minimal degree of polarization, thereby
maximizing the power and/or intensity of the optical signal.
These and other advantages of the present invention will
become readily apparent from the following description of
various embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a diagram illustrating conventional optics for
receiving an optical signal.

FIG. 2 illustrates a first exemplary optical signal assembly
according to the present invention.

FIG. 3 illustrates a second exemplary optical signal assem-
bly according to the present invention.

FIG. 4 is a flowchart showing an exemplary method for
receiving an optical signal.

FIG. 5 illustrates an exemplary multiple channel optical
signal assembly configuration according to the present inven-
tion.

DETAILED DESCRIPTION

Reference will now be made in detail to various embodi-
ments of the invention, examples of which are illustrated in
the accompanying drawings. While the invention will be
described in conjunction with the following embodiments, it
will be understood that the descriptions are not intended to
limit the invention to these embodiments. On the contrary, the
invention is intended to cover alternatives, modifications and
equivalents that may be included within the spirit and scope of
the invention as defined by the appended claims. Further-
more, in the following detailed description, numerous spe-
cific details are set forth in order to provide a thorough under-
standing of the present invention. However, it will be readily
apparent to one skilled in the art that the present invention
may be practiced without these specific details. In other
instances, well-known methods, procedures, components,
and circuits have not been described in detail so as not to
unnecessarily obscure aspects of the present invention.

For the sake of convenience and simplicity, the terms “opti-
cal” and “optoelectronic” are generally used interchangeably
herein, and use of any one of these terms also includes the
others, unless the context clearly indicates otherwise. Simi-
larly, the terms “optical signal,” “light signal,” “light wave,”
and “light beam” are generally used interchangeably herein,
and use of any one of these terms also includes the others,
unless the context clearly indicates otherwise. Also, for con-
venience and simplicity, the terms “connected to,” “coupled
with,” “coupled to,” and “in communication with” (which
terms also refer to direct and/or indirect relationships
between the connected, coupled and/or communicating ele-
ments unless the context of the term’s use unambiguously
indicates otherwise) may be used interchangeably, but these
terms are also generally given their art-recognized meanings.

The present invention concerns methods and apparatuses
for reducing the sensitivity of an optical signal to polariza-
tion, and enjoys particular advantages in optical receivers and
transceivers. The present method and apparatus can be used to
minimize the sensitivity of an optical signal or other light
wave to polarization, thereby maximizing the bandwidth,
power and/or intensity of the optical signal or light wave.
Conventional optical assemblies provide an optical signal to
areceiver at a relatively large angle (e.g., 45°) with respect to
the received optical signal. As a result, the optical signal
provided to the receiver is highly sensitive to polarization. A
high sensitivity to polarization can easily and inadvertently
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reduce the power of the optical signal, thereby reducing the
efficiency of the optical signal processor, and possibly requir-
ing an increase in the optical signal power to compensate for
power and bandwidth loss. Additionally, such conventional
optical assemblies must be manufactured according to pre-
cise geometric considerations (e.g., placement of the mirror at
a 45° angle), which can increase manufacturing costs. The
present methods and apparatuses reduce or minimize the
sensitivity of an optical signal to polarization, thereby
improving optical and optoelectronic receiver, transceiver
and network performance, and enabling reductions in the
manufacturing costs of devices containing optical signal
receivers.

The invention, in its various aspects, will be explained in
greater detail below with respect to exemplary embodiments.

A First Exemplary Optical Signal Assembly

FIG. 2 illustrates a first exemplary optical signal assembly
200 (e.g., within an optical transceiver, not shown) according
to the present invention. As shown, optical signal assembly
200 comprises an optical signal medium (e.g., fiber optic
cable or other optical fiber) 205, first and second lenses 210
and 245, filter 240, first and second mirrors 220 and 230, and
receiver 250. As shown, lens 210 receives an input (e.g., an
incident light signal, a collimated light signal, etc.) 201 from
optical signal medium 205. Optical signal 201 can be pro-
vided via a transmitter (e.g., elsewhere in an optical or opto-
electronic network) configured to transmit the optical signal
to optical signal medium 205. Lens 210 is configured to
provide a focused and/or collimated light signal 211 to first
mirror 220. In one embodiment, optical signal 201 is a colli-
mated beam, and lens 210 further collimates the optical signal
201 to reduce or minimize any loss of collimation in the
optical signal 201 that may have occurred during signal trans-
mission. The first mirror 220 has a surface that reflects at least
part of the light beam 211 having a wavelength or wavelength
band to be processed by receiver 250. In the example shown
in FIG. 2, first mirror 220 can reflect substantially all of the
light beam 211. In another embodiment, first mirror 220 is a
dichroic mirror or other beam splitter (e.g., a long wave pass
[LWP] dichroic mirror, short wave pass [SWP] dichroic mir-
ror, etc.). In alternative embodiments, first mirror 220 is a
wavelength selective filter (e.g., made of or coated with a
reflective material), a polarization filter (e.g., configured to
increase the degree of polarization of the optical signal 211),
an amplitude modulation mask, a phase modulation mask, a
hologram, and/or a grating.

The light signal 221 reflected from the first mirror 220 is
further reflected by the second mirror 230 to receiver 250.
Second mirror 230 is configured to reflect substantially all of
the optical signal 221. Prior to entering the receiver 250,
optical signal 231 passes through filter 240 (e.g., a bandpass
filter) and lens 245. Filter 240 is generally configured to
narrow or reduce a wavelength band of optical signal 231 and
provide a filtered optical signal 241. The filter 240 can be
placed elsewhere along the light path (e.g., between first
mirror 220 and second mirror 230, between lens 245 and
receiver 250, etc.). Lens 245 then provides an optical input
signal (not shown) to receiver 250. As shown in FIG. 2, lens
245 is a half-ball lens, but it can also comprise, e.g., a concave
lens, a convex lens and/or a combination of concave and
convex lenses. Receiver 250 can comprise a photodiode or
any other device configured to convert an optical signal into
an electrical signal. In one embodiment, receiver 250 com-
prises (1) a photodiode configured to receive an optical signal
and convert the optical signal into an electrical signal, and (ii)
circuitry in electrical communication with the photodiode
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(e.g., a transimpedance amplifier and/or a limiting amplifier)
configured to process (e.g., amplify) the converted electrical
signal.

As shown, first mirror 220 is positioned at a first predeter-
mined angle (e.g., 13°+x°, where x=3 or any positive number
less than 3]) with respect to optical signal 211. That is, optical
signal 211 has an angle of incidence of about 13° on the first
mirror 220. In one embodiment, first mirror 220 is at an angle
of exactly 13° with respect to optical signal 211. The first
predetermined angle is configured to reduce polarization of
the reflected optical signal 231 relative to a single mirror
positioned at a 45° angle relative to optical signal 211 (e.g., as
shown in FIG. 1). Similarly, second mirror 230 is positioned
atasecond predetermined angle (e.g., from about 15° to about
60°) with respect to optical signal 221. More particularly,
second mirror 230 is at an angle of 32°+y°, where y=4 (or any
positive number less than 4°) with respect to optical signal
221. That is, optical signal 221 has an angle of incidence of
about 32° on the second mirror 230. In one embodiment, the
second predetermined angle is exactly 32°. In addition,
depending on the relative positions and orientations of optical
medium 205, lens 210 and receiver 250, the sum of (i) the
angle of incidence of optical signal 211 on the first mirror 220
and (ii) the angle of incidence of the optical signal 221 on the
second mirror 230 may be from about 30° to about 75°. More
particularly, the sum of the angles of incidence of light on the
two mirrors 220 and 230 may be, e.g., 45°+z°, where z=5 or
any positive number less than 5°. That is, the sum of the first
and the second predetermined angles may be about45°. Inthe
embodiment shown in FIG. 2, it is exactly 45°.

Thus, exemplary optical assembly 200 advantageously
reduces or minimizes the sensitivity of an optical signal (e.g.,
optical signal 211) to polarization, thereby maximizing the
intensity or power of the optical signal. By utilizing a mirror
(e.g., first mirror 220) positioned at an angle less than that of
conventional optics, and “folding” a light beam away from a
light-receiving unit, an optical signal can be provided to an
optoelectronic receiver and/or transceiver with a minimal
impact on the degree of polarization, thereby maximizing the
power and/or intensity of the optical signal.

A Second Exemplary Optical Signal Assembly

FIG. 3 illustrates a second exemplary optical signal assem-
bly 300 according to the present invention. As shown, optical
signal assembly 300 comprises structures similar to that of
optical assembly 200 of FIG. 2, wherein structures having the
same identification numbers discussed below with respect to
FIG. 3 may be substantially the same as those discussed above
with respect to FIG. 2.

As shown, optical signal assembly 300 comprises optical
signal medium 205, first and second lenses 210 and 245, filter
240, first mirror 220, second mirror 330, third mirror 340, and
receiver 250. As shown, lens 210 receives an optical input
signal (e.g., a collimated signal) 301 from optical signal
medium 205 and provides a focused and/or collimated light
signal 311 to first mirror (e.g., a dichroic mirror or other beam
splitter, a reflective polarization filter, etc.) 220. As shown in
FIG. 3, first mirror 220 reflects part of the optical signal 311
to second mirror 330, which reflects substantially all of the
reflected optical signal 312 to third mirror 340. Third mirror
340 reflects the twice-reflected optical signal 313 to receiver
250. Prior to entering the receiver 250, optical signal 314
passes through filter 240 (e.g., a bandpass filter) and lens 245.
Lens 245 may be configured to focus the filtered optical signal
315 onto a light-receiving device (e.g. a photodiode) in
receiver 250.

As shown, first mirror 220 is positioned at a first predeter-
mined angle with respect to optical signal 311. As for the
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embodiment shown in FIG. 2, first mirror 220 may be posi-
tioned at an angle of about 13° with respect to optical signal
311. Additionally, second mirror 330 is positioned at a second
predetermined angle with respect to optical signal 312.
Depending on the relative positions and orientations of opti-
cal medium 205, lens 210 and receiver 250, the second pre-
determined angle may be from about 10° to about 45°. In one
embodiment, the angle of incidence of optical signal 312 on
second mirror 330 can be 16°+m®, where m=6 or any positive
number less than 6. In one example, the angle of incidence of
optical signal 312 on second mirror 330 is 16°. Thus, is some
embodiments, the angle of incidence of optical signal 312 on
second mirror 330 is greater than the angle of incidence of the
received optical signal 311 on first mirror 220. Alternatively,
in certain cases, it may be beneficial to reduce or minimize the
sensitivity of the reflected signal 312 to polarization, in which
case the angle of incidence of optical signal 312 on second
mirror 330 may be about 13° (e.g., exactly 13°), or the same
as the angle ofincidence of received optical signal 311 on first
mirror 220.

Furthermore, third mirror 340 is positioned at a third pre-
determined angle with respect to optical signal 313. Also
depending on the relative positions and orientations of optical
medium 205, lens 210 and receiver 250, the third predeter-
mined angle may also be from about 10° to about 45°. In one
embodiment, the angle of incidence of optical signal 313 on
third mirror 340 can also be 16°+m°, where m=6 or any
positive number less than 6. In one example, the angle of
incidence of optical signal 313 on third mirror 340 is 16°.
Thus, is some embodiments, the angle of incidence of optical
signal 313 on third mirror 340 is greater than the angle of
incidence of the received optical signal 311 on first mirror 220
and the same as the angle of incidence of optical signal 312 on
second mirror 330. Alternatively, when it is beneficial to
reduce or minimize the sensitivity of the reflected signal 312
to polarization, the angle of incidence of optical signal 313 on
third mirror 340 may be about 19° (e.g., exactly 19°).

Similar to the arrangement shown in FIG. 2, the sum of (i)
the angle of incidence of optical signal 311 on the first mirror
220, (ii) the angle of incidence of the optical signal 312 on the
second mirror 330, and (iii) the angle of incidence of the
optical signal 313 on the third mirror 340 may be from about
30° to about 75°. More particularly, the sum of the angles of
incidence of light on the three mirrors 220, 330 and 340 may
be, e.g., 45°£7°, where z=5 or any positive number less than
5°. That is, the sum of the first, second and third predeter-
mined angles may be about 45°. In the embodiment shown in
FIG. 3, it is 45°.

By utilizing one or more mirrors (e.g., first mirror 220, and
optionally, second and/or third mirrors 330 and 340) posi-
tioned at an angle configured to reduce the sensitivity of an
optical signal or other light beam to polarization (and gener-
ally less than that of conventional optics), the power and/or
intensity of the optical signal may be maximized or at least
increased relative to the conventional configuration of FIG. 1.

A Method of Receiving an Optical Signal

As shown in FIG. 4, flowchart 400 illustrates an exemplary
method for receiving an optical signal. As shown, at 405 the
method begins, and at 410, an optical signal is received (e.g.,
in the optical assembly 200 in FIG. 2). In some embodiments,
the optical signal is received over an optical signal medium
(e.g., a fiber optic cable) from an optical transmitter in an
optical or optoelectronic network. In some embodiments, the
received optical signal can be a collimated or polarized opti-
cal signal. In addition, the optical signal may be passed
through a lens to provide a focused and/or collimated optical
signal, and the received optical signal may be focused onto a
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first mirror. The first mirror is generally positioned at an angle
with respect to the received optical signal, configured to
reduce or minimize the sensitivity of the received optical
signal to polarization (e.g., about 13°), relative to a single
mirror positioned at a 45° angle relative to the received optical
signal. In some embodiments, the first mirror is a dichroic
mirror or other beam splitter, which enables the method to
further comprise passing part of the received optical signal to
a second receiver unit for processing therein.

At 420, the received optical signal is reflected towards a
second mirror positioned away from a photosensitive element
of'the receiver. Such an arrangement may be counterintuitive,
given a presumption that the most effective optical signal
transfer mechanism in an optical receiver or transmitter has
the shortest and/or most direct light path from the optical
medium to the receiver (e.g., FIG. 1). In some embodiments,
the sum of the angles of incidence at the first and second
mirrors is about 45°.

At 430, the optical signal reflected by the second mirror is
further reflected to the photosensitive element. In some
embodiments, the method further comprises passing the fur-
ther reflected optical signal to a filter (e.g., configured to
narrow a bandwidth of the optical signal). In further embodi-
ments, the method further comprises focusing the further
reflected optical signal (filtered or unfiltered) using a second
lens. The second lens may be configured to focus the optical
signal onto a light-receiving element such as a photodiode in
the receiver. Additionally, the method can further comprise
even further reflecting the twice-reflected optical signal to the
receiver using one or more third mirrors. At 435, the method
ends.

An Exemplary Multi-Channel Optical Signal Assembly
Apparatus

As shown in FIG. 5, an exemplary multiple-channel optical
signal assembly apparatus 500 utilizes a plurality of optical
assemblies (e.g., optical signal assemblies 550, 560, 570, and
580) to provide a plurality of different optical signals (e.g.,
optical signals 514,524, 534, and 544) to a plurality of receiv-
ers (e.g., receivers 250, 251, 252, and 253). As shown, multi-
channel optical signal assembly apparatus 500 comprises
structures similar to that of optical signal assembly 200 of
FIG. 2, and those structures having the same identification
numbers discussed below with respect to FIG. 5 may be
substantially the same as those discussed above with respect
to FIG. 2.

As shown, multi-channel optical signal assembly appara-
tus 500 is configured to receive an optical input signal 501
from an optical signal medium (e.g., a fiber optic cable) 205.
Optical signal 501 can be provided to optical signal medium
205 via one or more optical transmitters configured to trans-
mit the optical signal (or components thereof) over the optical
signal medium 205. First lens 210 is configured to provide an
optical signal 511 (having multiple wavelengths or wave-
length bands) to first mirror 220' of optical signal assembly
550. First mirror 220" reflects a portion of optical signal 511
having a first wavelength or wavelength band and passes
optical signal 512 to second mirror 230. First mirror 220' may
also function as a polarization filter. Optical signal 512 is
substantially optical signal 511, but with the light having the
first wavelength or wavelength band removed. Second mirror
230 further reflects the reflected optical signal 512 to receiver
250. Prior to entering the receiver 250, optical signal 513
passes through filter 240 (e.g., a bandpass filter), which pro-
vides a filtered optical signal 514 (e.g., a signal having a
smaller wavelength band around the first wavelength) to lens
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245. Lens 245 may be configured to focus the filtered optical
signal 514 onto a light-receiving device (e.g. a photodiode) in
receiver 250.

As discussed above with respect to FIG. 2, first mirror 220'
is positioned at an angle configured to reduce or minimize the
sensitivity of a received optical signal (e.g., optical signal
511) to polarization, relative to a single mirror positioned at a
45° angle relative to optical signal 511. The angle of inci-
dence of optical signal 511 at first mirror 220' may therefore
be about 13°. Similarly, the second mirror 230 is positioned at
an angle with respect to optical signal 512 (e.g., the angle of
incidence) such that the sum of the angles of incidence of the
first and second mirrors 220' and 230 is about 45°. This
relationship of the sum of the angles of incidence of the first
and second mirrors to the orientation of the optical signal
medium 205 and the receiver 250 may be about 2:1 (e.g.,
when optical signal medium 205 and receiver 250 have about
a 90° orientation to each other, the sum of the angles of
incidence of the first and second mirrors may be about 45°).
Thus, the angle of incidence of the second mirror 250 may be,
e.g., 32° when the angle of incidence of the first mirror 220’ is
13°. Except for the light beams 512, 513 and 514 having a
single wavelength or wavelength band, the first optical
assembly channel 550 operates substantially the same as opti-
cal assembly 200 in FIG. 2.

As also discussed above with respect to FIG. 2, first mirror
220' is configured to allow optical signal 521 (i.e., the portion
of incident light beam 511 not having the first wavelength or
wavelength band) to pass through (e.g., refract) to mirror 562
of second optical signal assembly 560. The optical signal
which passes through first mirror 220' generally comprises
light of a second wavelength or wavelength band, where the
second wavelength or wavelength band is different from the
first wavelength or wavelength band (e.g., the wavelength
used by first optical signal assembly channel 550). The num-
ber of wavelengths or wavelength bands in optical signal
portion 521 is at least the same as the number of channels in
multi-channel optical signal assembly apparatus 500. The
first and second wavelengths may differ by a minimum of
about 100-200 nm, generally up to about 500-1000 nm. Alter-
natively, the first and second wavelengths may differ by at
least about 5, 10, 15 or 20%, up to as much as 25, 50 or 100%.

Optical signal assembly 560 operates in a manner similar
to that discussed above with respect to first optical signal
assembly 550. That is, the structures in optical signal assem-
bly 560 (e.g., first mirror 562, second mirror 564, filter 242,
lens 247, and receiver 251) operate in a manner similar to
those discussed above with respect to optical signal assembly
550 (e.g., first and second mirrors 220' and 230, filter 240,
second lens 245, receiver 250, etc.). Specifically, first mirror
562 receives optical signal portion 521 (e.g., a refracted opti-
cal signal provided by first mirror 220" in optical signal
assembly 550) and reflects a further optical signal portion 522
to second mirror 564. First mirror 562 may also function as a
polarization filter. Optical signal portion 522 generally
includes light of only the second wavelength or wavelength
band. Second mirror 564 then reflects optical signal portion
522 to receiver 251. Prior to entering the receiver 251, optical
signal portion 523 passes through filter 242 (e.g., a second
bandpass filter, configured to filter light having wavelengths
other than the second wavelength or wavelength band), which
provides a filtered optical signal 524 to lens 247. Lens 247
may be configured to focus the filtered optical signal 524 onto
a light-receiving device (e.g. a photodiode) in receiver 251.
Receiver 251 can be similar to that of receiver 250 discussed
above with respect to FIG. 2.
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Similar to first mirror 220" in optical signal assembly 550,
mirror 562 in optical signal assembly channel 560 is posi-
tioned at an angle configured to reduce or minimize the sen-
sitivity of optical signal portion 521 to polarization, relative to
a single mirror positioned at a 45° angle relative to optical
signal 521. The angle of incidence of optical signal 521 at first
mirror 220" may therefore be about 13°. Except for the optical
signal portions 522, 523 and 524 having a different wave-
length or wavelength band, the second optical assembly chan-
nel 560 operates substantially the same as first optical assem-
bly channel 550.

Third optical signal assembly 570 operates in a manner
similar to or substantially the same as first and second optical
signal assemblies 550 and 560. Optical signal assembly 570
receives an optical signal portion 531 (e.g., a refracted optical
signal provided by mirror 562) comprising light having a
third wavelength or wavelength band different from the first
and second wavelengths or wavelength bands. Utilizing a
dual mirror configuration similar to that discussed above with
respect to optical signal assemblies 550 and 560, optical
signal assembly 570 provides an optical signal 534 to receiver
252 (e.g., similar to receiver 250 discussed above in FIG. 2).

Specifically, the first mirror 572 of the third optical signal
assembly 570 receives optical signal portion 531 and reflects
optical signal portion 532 to second mirror 574. The position
of'the first mirror 572 is configured to reduce the sensitivity of
the optical signal portion 531 to polarization, relative to a
single mirror positioned at a 45° angle relative to optical
signal portion 531. The first mirror 572 may also function as
apolarization filter and increase the degree of polarization of
the optical signal portion 531. Second mirror 574 reflects
optical signal portion 533 to receiver 252. Prior to entering the
receiver 252, optical signal portion 533 passes through filter
244 (e.g., a bandpass filter), which filters optical signal por-
tion 533 (e.g., reduces or narrows the wavelength band of
reflected optical signal 533 around the third wavelength) and
provides a filtered optical signal portion 534 to lens 249. Lens
249 may be configured to focus the filtered optical signal
portion 534 onto a light-receiving device (e.g. a photodiode)
in receiver 252.

Fourth optical signal assembly 580 also operates in a man-
ner similar to or substantially the same as first, second and
third optical signal assemblies 550, 560 and 570. Optical
signal assembly 580 is configured to receive an optical signal
541 (e.g., a refracted light beam provided by mirror 572 in
optical signal assembly 570) having a fourth wavelength dif-
ferent from the first, second, and third wavelengths at first
mirror 582. As shown, mirror 582 does not provide (e.g.,
refract) an optical signal to any other optical assembly, as it is
the final optical assembly in the series. Thus, mirror 582
reflects substantially all of the optical signal 541 to mirror
584, and optical signal 544 is provided to receiver 253 (e.g.,
similar to receiver 250 discussed above in FIG. 2).

Specifically, first mirror 582 of the fourth optical signal
assembly 580 receives optical signal 541 and reflects optical
signal portion 542 to second mirror 584. The position of the
first mirror 582 is configured to reduce the sensitivity of the
optical signal portion 541 to polarization, relative to a single
mirror positioned at a 45° angle relative to optical signal
portion 541. The first mirror 582 may also function as a
polarization filter and increase the degree of polarization of
the optical signal portion 542. Second mirror 584 reflects
optical signal 543 to receiver 253. Prior to entering the
receiver 253, optical signal 543 passes through filter 246 (e.g.,
a bandpass filter), which filters optical signal portion 543
(e.g., reduces or narrows the wavelength band of reflected
optical signal 543 around the fourth wavelength) and pro-
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vides a filtered optical signal portion 544 to lens 251. Lens
251 may be configured to focus the filtered optical signal
portion 544 onto a light-receiving device (e.g. a photodiode)
in receiver 253.

Therefore, the multi-channel optical signal assembly appa-
ratus 500 can receive multiple optical signals (e.g., optical
signals 514, 524, 534, and 544) at different wavelengths pro-
vided over a single-fiber optical medium (e.g., optical signal
medium 205) with a minimal loss of power and/or intensity as
a result of polarization of the optical signals, thereby maxi-
mizing the power and/or intensity of the received optical
signals.

CONCLUSION/SUMMARY

Thus, the present invention provides methods and appara-
tuses for reducing the sensitivity of an optical signal or other
light wave to polarization, thereby maximizing the band-
width, power and/or intensity of the light wave. The foregoing
descriptions of specific embodiments of the present invention
have been presented for purposes of illustration and descrip-
tion. They are not intended to be exhaustive or to limit the
invention to the precise forms disclosed, and obviously many
modifications and variations are possible in light of the above
teaching. The embodiments were chosen and described in
order to best explain the principles of the invention and its
practical application, to thereby enable others skilled in the
art to best utilize the invention and various embodiments with
various modifications as are suited to the particular use con-
templated. It is intended that the scope of the invention be
defined by the Claims appended hereto and their equivalents.

What is claimed is:

1. A multi-channel optical signal assembly, comprising:

a first filter at a first angle relative to an incident optical
signal and configured to reflect light in the incident
optical signal having a first wavelength, provide a first
reflected optical signal, and allow light in the incident
optical signal having at least a second wavelength to pass
through the first filter, wherein the first angle is 13°+3°;

a first mirror at a second angle relative to the first reflected
optical signal and configured to further reflect the first
reflected optical signal and provide a second reflected
optical signal;

a first lens configured to focus and/or collimate the second
reflected optical signal and provide a focused optical
signal;

a first receiver coupled to the first lens and configured to
receive the focused optical signal;

a second filter configured to receive the light in the incident
optical signal having at least the second wavelength and
reflect a portion of the light in the incident optical signal
having the second wavelength at a same first angle as the
first filter;

a second mirror configured to further reflect the reflected
portion of the light in the incident optical signal having
the second wavelength at a same second angle as the first
mirror to a second receiver;

a second lens configured to focus and/or collimate the
further reflected portion of the light in the incident opti-
cal signal having the second wavelength; and

a second receiver coupled to the second lens and config-
ured to receive the focused and/or collimated further
reflected portion of the light in the incident optical sig-
nal.

2. The multi-channel optical signal assembly of claim 1,

wherein the incident optical signal is a diffuse optical signal.
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3. The multi-channel optical signal assembly of claim 1,
wherein the second angle is greater than the first angle.

4. The multi-channel optical signal assembly of claim 1,
wherein the sum of the first and second angles is about 45°.

5. The multi-channel optical signal assembly of claim 4,
wherein the second angle is 32°+4.

6. The multi-channel optical signal assembly of claim 1,
further comprising a bandpass filter, configured to reduce or
narrow a wavelength band of the incident optical signal, the
second reflected signal, and/or the focused optical signal.

7. The multi-channel optical signal assembly of claim 6,
wherein a sum of the first and second angles is 45°+5°.

8. A transceiver comprising:

the multi-channel optical signal assembly of claim 1; and

a transmitter configured to provide an output optical signal

to an optical medium.

9. The transceiver of claim 8, wherein the optical medium
comprises an optical fiber providing the incident optical sig-
nal, the transmitter being configured to transmit the output
optical signal to the optical fiber.

10. The transceiver of claim 9, wherein the first filter is
configured to allow light having a different wavelength from
the first wavelength to pass through the first filter, the output
optical signal has the different wavelength, and the transmit-
ter is configured to transmit the output optical signal through
the first filter.

11. The transceiver of claim 8, wherein the first receiver
comprises (i) a first photodiode configured to receive the
focused-optical signal, and (ii) first circuitry in electrical
communication with the first photodiode.

12. The multi-channel optical signal assembly of claim 1,
wherein the first filter comprises a wavelength selective filter.

13. The multi-channel optical signal assembly of claim 1,
wherein a sum of the first and second angles is 45°+5°.

14. The multi-channel optical signal assembly of claim 1,
wherein the second angle is 32°+4°.

15. The multi-channel optical signal assembly of claim 1,
further comprising a third filter configured to reflect a portion
of'optical signal having a third wavelength at the first angle, a
third mirror configured to further reflect the reflected optical
signal having the third wavelength at the second angle to a
third receiver, a fourth filter configured to reflect a portion of
optical signal having a fourth wavelength at the first angle,
and a fourth mirror configured to further reflect the reflected
optical signal having the fourth wavelength at the second
angle to a fourth receiver.

16. The multi-channel optical signal assembly of claim 1,
wherein the first receiver is configured to convert the focused
optical signal into a first electrical signal, and the second
receiver is configured to convert the focused and/or colli-
mated further reflected optical signal into a second electrical
signal.

17. The multi-channel optical signal assembly of claim 16,
wherein each of the first and second receivers comprises a
photodiode.

18. The transceiver of claim 11, wherein the second
receiver comprises (i) a second photodiode configured to
receive the focused and/or collimated further reflected optical
signal, and (ii) second circuitry in electrical communication
with the second photodiode.

19. A multi-channel optical signal assembly, comprising:

a first filter at a first angle relative to an incident optical

signal and configured to reflect light in the incident
optical signal having a first wavelength, provide a first
reflected optical signal, and allow light in the incident
optical signal having at least a second wavelength to pass
through the first filter, wherein the first angle reduces
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sensitivity of the incident optical signal to polarization
relative to a single mirror configured to reflect the inci-
dent optical signal at a 45° angle relative to the incident
optical signal;

a first mirror at a second angle relative to the first reflected
optical signal and configured to further reflect the first
reflected optical signal and provide a second reflected
optical signal;

a first lens configured to focus and/or collimate the second
reflected optical signal and provide a focused optical
signal;

a first receiver coupled to the first lens and configured to
receive the focused optical signal;

a second filter configured to receive the light in the incident
optical signal having at least the second wavelength and
reflect a portion of the light in the incident optical signal
having the second wavelength at a same first angle as the
first filter;

a second mirror configured to further reflect the reflected
portion of the light in the incident optical signal having
the second wavelength at a same second angle as the first
mirror to a second receiver;
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a second lens configured to focus and/or collimate the
further reflected portion of the light in the incident opti-
cal signal having the second wavelength;

a second receiver coupled to the second lens and config-
ured to receive the focused and/or collimated further
reflected portion of the light in the incident optical sig-
nal;

a third filter configured to reflect a portion of optical signal
having a third wavelength at the first angle;

a third mirror configured to further reflect the reflected
optical signal having the third wavelength at the second
angle to a third receiver;

a fourth filter configured to reflect a portion of optical
signal having a fourth wavelength at the first angle; and

a fourth mirror configured to further reflect the reflected
optical signal having the fourth wavelength at the second
angle to a fourth receiver.

20. The multi-channel optical signal assembly of claim 19,

20 wherein the first angle is 13°£3°.
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